Phenolyl cobamides are unique members of a class of cobalt-containing cofactors that includes vitamin B 12 (cobalamin). Cobamide cofactors facilitate diverse reactions in prokaryotes and eukaryotes. Phenolyl cobamides are structurally and chemically distinct from the more commonly used benzimidazolyl cobamides such as cobalamin, as the lower axial ligand is a phenolic group rather than a benzimidazole. The functional significance of this difference is not well understood. Here we show that in the bacterium Sporomusa ovata, the only organism known to synthesize phenolyl cobamides, several cobamide-dependent acetogenic metabolisms have a requirement or preference for phenolyl cobamides. The addition of benzimidazoles to S. ovata cultures results in a decrease in growth rate when grown on methanol, 3,4-dimethoxybenzoate, H 2 plus CO 2 , or betaine. Suppression of native p-cresolyl cobamide synthesis and production of benzimidazolyl cobamides occur upon the addition of benzimidazoles, indicating that benzimidazolyl cobamides are not functionally equivalent to the phenolyl cobamide cofactors produced by S. ovata. We further show that S. ovata is capable of incorporating other phenolic compounds into cobamides that function in methanol metabolism. These results demonstrate that S. ovata can incorporate a wide range of compounds as cobamide lower ligands, despite its preference for phenolyl cobamides in the metabolism of certain energy substrates. To our knowledge, S. ovata is unique among cobamide-dependent organisms in its preferential utilization of phenolyl cobamides.
C
obamides function as enzyme cofactors for a variety of metabolic processes in most animals, protists, and prokaryotes, although their biosynthesis is limited to a subset of prokaryotes. Vitamin B 12 (cobalamin) (Fig. 1A) is the best-studied cobamide and is a required micronutrient in humans. Two coenzyme forms of cobalamin exist, in which the upper ligand is either a methyl group (methylcobalamin) or 5=-deoxyadenosine (adenosylcobalamin). Methylcobalamin facilitates methyl transfer reactions involved in processes such as acetogenesis, methanogenesis, and methionine synthesis (1) . Adenosylcobalamin facilitates radicalbased rearrangements and cleavage reactions in the catabolism of substrates such as glycerol, ethanolamine, and various amino acids (2) . The role of the upper ligand in catalysis by cobamidedependent enzymes has been well studied. However, the significance of structural variability in other parts of the cobamide molecule is less clear. Differences have been found within the nucleotide loop (3) and in the lower ligand (Fig. 1) . Variations in the lower ligand are the main source of diversity in cobamide structure, as 16 cobamides with different lower ligands have been reported (4), yet many questions remain regarding the effect of the lower ligand on the function of the cofactor.
Variations in lower ligand structure can influence the K m for the cofactor in cobamide-dependent enzymes. For example, the K m of the methylmalonyl coenzyme A (CoA) mutase enzyme of Propionibacterium freudenreichii subsp. shermanii, glutamate mutase of Clostridium tetanomorphum, and methionine synthase of Arthrobacter platensis are influenced by the structure of the lower ligand (5) (6) (7) . In addition, coordination of the lower ligand to the central cobalt ion can affect the reactivity of the cofactor (8, 9) . Coordination to the cobalt ion depends on the structural conformation of the cobamide when bound by the enzyme. One subset of cobamide-dependent enzymes, which includes diol dehydratase and ribonucleotide reductase, binds the cobamide in the "base-on" form, in which the lower ligand is coordinated to the cobalt ion via a lone pair of electrons from a nitrogen atom, as shown in Fig. 1A (10, 11) . In enzymes that utilize the cobamide in the "base-off" form, such as methionine synthase and methylmalonyl-CoA mutase, the lower ligand is bound by the enzyme but is not coordinated to the cobalt ion (12, 13) . Instead, a histidine residue in the protein is often coordinated to the cobalt ion (12, 14) .
Many cobamides, including cobalamin, can exist in either the base-on or base-off form, and the structure of the lower ligand affects the equilibrium between the two configurations in solution (15, 16 ). An exception is the phenolyl cobamides, which exist exclusively in the base-off form because the lower ligand lacks a lone pair of electrons and thus is unable to coordinate to the cobalt ion (Fig. 1B) . This inability to coordinate to the cobalt ion limits the reactions that phenolyl cobamides can catalyze. For example, phenolyl cobamides do not support the growth of Salmonella enterica on 1,2-propanediol or ethanolamine, which require enzymes that function with the cobamide in the base-on configuration (17) . Furthermore, the phenolyl cobamide p-cresolyl cobamide ([Cre]Cba) (Fig. 1B) acts as a competitive inhibitor in vitro for the enzymes diol dehydratase, glycerol dehydratase, and ethanolamine ammonia lyase, all of which bind cobamides in the base-on form (18, 19) .
To date, the acetogenic bacterium Sporomusa ovata is the only organism reported to produce phenolyl cobamides (20, 21) . S. ovata is capable of metabolizing a variety of substrates to acetate (22) , and many of these metabolisms appear to be cobamide dependent. S. ovata was proposed to use a cobamide cofactor for the metabolism of methanol and the phenyl methyl ether 3,4-dimethoxybenzoate ( Fig. 2) (23, 24) . Growth on each of these substrates is associated with the production of distinct corrinoid-containing proteins (23, 24) . These proteins are thought to catalyze the transfer of methyl groups from methanol or 3,4-dimethoxybenzoate to tetrahydrofolate (THF) to form 5-methyltetrahydrofolate (Me-THF) (Fig. 2) (24) . The subsequent steps of methanol and 3,4-dimethoxybenzoate metabolism in S. ovata have not been characterized. However, based on studies of the metabolism of similar substrates in other acetogens (25) (26) (27) (28) (29) (30) , it is likely that the Me-THF is then used for the synthesis of acetyl-CoA via the Wood-Ljungdahl pathway, which requires a corrinoid iron-sulfur protein (CFeSP) (31) . Thus, the cobamide-dependent reactions that catalyze methyl transfer to THF effectively substitute for the "methyl branch" of the Wood-Ljungdahl pathway (Fig. 2) (31) . In this model, Me-THF is additionally required to generate the reducing equivalents necessary for the "carbonyl branch" of the Wood-Ljungdahl pathway via oxidation to CO 2 (29) . Homoacetogenic growth on H 2 plus CO 2 also uses the Wood-Ljungdahl pathway (Fig. 2) (31) .
Unlike methanol, 3,4-dimethoxybenzoate, and H 2 plus CO 2 , the metabolism of fructose does not appear to be entirely dependent on cobamides (Fig. 2) . The fermentation of fructose likely occurs via the Embden-Meyerhof-Parnas pathway, which does not require cobamides (32) . This pathway produces pyruvate, which is subsequently converted into acetyl-CoA. However, the CO 2 and reducing equivalents generated during this reaction can also be converted to acetate via the cobamide-dependent WoodLjungdahl pathway (Fig. 2) (29) .
The role of cobamides in betaine metabolism by acetogens is less clear. It was proposed that S. ovata reductively cleaves betaine to form acetate (22) , which does not appear to require cobamides (Fig. 2) . The reducing equivalents necessary for this reaction are thought to be generated via methyl transfer from a fraction of the betaine to THF followed by oxidation of Me-THF to CO 2 , similar to the metabolism of methanol and 3,4-dimethoxybenzoate (22, 33) .
In each of these proposed metabolisms, the cobamide-dependent reactions involve the transfer of a methyl group. Crystallographic and biochemical studies have shown that cobamide-dependent enzymes that catalyze methyl transfer reactions, such as methionine synthase of Escherichia coli and those involved in methanol metabolism in Moorella thermoacetica and Methanosarcina barkeri, bind their respective benzimidazolyl cobamides in the base-off conformation (12, 25, 34) , suggesting that a phenolyl cobamide would be a suitable cofactor for these metabolisms in S. ovata. A sequenced genome would enable a more detailed analysis of the cobamide-dependent enzymes present in S. ovata.
In the present work, we have analyzed the cobamide requirements of S. ovata in the metabolism of a variety of growth substrates. We found that S. ovata is capable of synthesizing benzimidazolyl cobamides when provided a benzimidazole base, yet these cobamides do not support growth on 3,4-dimethoxybenzoate and result in impaired growth on methanol, H 2 plus CO 2 , and betaine. To our knowledge, this is the first observation of a cobamidedependent organism for which phenolyl cobamides function more effectively than benzimidazolyl cobamides.
MATERIALS AND METHODS
Media and growth conditions. S. ovata DSM 2662 was grown anaerobically under an atmosphere of 80% N 2 and 20% CO 2 at 30°C without agitation in medium adapted from the betaine standard medium described previously by Möller et al. (22) . Energy substrates were provided at the following concentrations: 124 mM methanol, 20 mM 3,4-dimethoxybenzoate, 50 mM betaine, and 50 mM fructose. Vitamin B 12 was omitted, and the media were reduced with a cysteine-sulfide solution at 0.01% (wt/vol). Media for homoacetogenic growth were prepared under an atmosphere of 80% H 2 and 20% CO 2 . 5-Hydroxybenzimidazole (5-OHBza) was a gift from Terence Crofts.
Growth assays. Cultures of S. ovata were prepared with a 1% inoculum of stationary-phase cells. Optical density at 600 nm (OD 600 ) values of cultures with methanol were measured following growth to saturation after 64 h of incubation. The OD 600 values of 200-l aliquots from each culture were measured in a 96-well plate on a BioTek Synergy 2 microplate reader, and values were normalized to a path length of 1 cm. Dose-response curves and 50% inhibitory concentration (IC 50 ) values were generated with a sigmoidal curve fit in KaleidaGraph v4.0 (Synergy Software).
Corrinoid extraction and analysis. Cells were collected in early stationary phase for the extraction of corrinoids (64 h of incubation with methanol, 75 h with 3,4-dimethoxybenzoate, 72 h with H 2 plus CO 2 , 50 h with betaine, and 62 h with fructose). Extraction of corrinoids from S. ovata cultures was performed as described previously, adjusting for culture volume and cell pellet weight (35) . Analysis of corrinoid extractions was performed on an Agilent Technologies 1200 series high-performance liquid chromatography (HPLC) system equipped with a diode array detector. Samples were injected onto a Zorbax SB-Aq column (5 m, 4.6 by 150 mm) at a flow rate of 1 ml min Ϫ1 at 30°C. Mobile phases used were 0.1% formic acid in water (solvent A) and 0.1% formic acid in methanol (solvent B). Samples were separated by a gradient of 25 to 50% solvent B over 3 min, followed by a gradient of 50 to 75% solvent B over 8 min (method 1), or by a gradient of 25 to 34% solvent B over 11 min, 34 to 50% solvent B over 2 min, and 50 to 75% solvent B over 8 min (method 2). Concentrations of cobamides were determined based on integrated peak areas at 525 nm in comparison to standard curves generated by using purified cobamides. Concentrations of the purified cobamides were determined spectrophotometrically by measuring the absorbance at 361 nm and using a molar extinction coefficient of 28,060 mol Ϫ1 cm Ϫ1 (36). Liquid chromatography-tandem mass spectrometry (LC/MS/MS) analysis of corrinoids was performed on an Agilent Technologies 6410 liquid chromatograph-triple quadrupole mass spectrometer. Samples were injected onto a Zorbax SB-Aq column (5 m, 4.6 by 150 mm) and separated at 0.5 ml min Ϫ1 using method 2 as described above. Phenolyl cobamides and p-toluidinyl cobamide ([p-tol]Cba) were detected by using an MS2 scan with the fragmentor set at 135 V. Benzimidazolyl cobamides were detected by multiple-reaction monitoring (MRM) with a collision energy of 45 V. Signature transitions unique to each cobamide were monitored. For cobalamin, a transition from a precursor ion of m/z 678.3 to a product ion of m/z 147.1 was monitored. The precursor and product ions for the other benzimidazolyl cobamides are as follows: 671. 
RESULTS

Benzimidazoles inhibit S. ovata growth on methanol by inhibiting [Cre]Cba synthesis.
A previous study showed that S. ovata could not grow with methanol as the energy substrate in the presence of 500 M 5,6-dimethylbenzimidazole (DMB), the lower ligand of cobalamin ( Fig. 1) (37) . Based on this result, it is likely that this growth inhibition is due to the production of cobalamin and that cobalamin does not support the cobamide-dependent ovata. The metabolism of methanol, 3,4-dimethoxybenzoate, H 2 plus CO 2 , and fructose to acetate requires the Wood-Ljungdahl pathway (box). The "methyl branch" of the pathway is bypassed in the metabolism of methanol and 3,4-dimethoxybenzoate by substrate-specific sets of enzymes that catalyze the transfer of methyl groups to THF to form Me-THF. Betaine metabolism is also proposed to involve methyl transfer to THF. Me-THF oxidation (not shown) provides the reducing equivalents (e Ϫ ) necessary for the reduction of CO 2 to CO ("carbonyl branch") during methanol and 3,4-dimethoxybenzoate metabolism to acetate. H 2 serves as the electron donor in the Wood-Ljungdahl pathway during homoacetogenic growth on H 2 plus CO 2 . The oxidation of Me-THF is also required to produce the reducing equivalents for the reductive cleavage of betaine to acetate. Fermentation of fructose to pyruvate requires the Embden-Meyerhof-Parnas pathway. The CO 2 and reducing equivalents generated from the conversion of pyruvate to acetyl-CoA can be utilized in the Wood-Ljungdahl pathway. Proposed cobamide-dependent enzymes are represented by black ovals. This model is based on metabolic studies of S. ovata and other acetogenic bacteria (22, 25-30, 33, 47) . functions of S. ovata. Moreover, if the toxicity of DMB were due to its incorporation into a cobamide, a similar effect would likely be observed with other benzimidazoles. To test these hypotheses, growth of S. ovata on methanol was measured in the presence of a range of concentrations of each of the five benzimidazoles shown in Fig. 1C . As expected, all of the benzimidazoles inhibited growth in a dose-dependent manner (Fig. 3A) . Different concentrations of each benzimidazole were required to inhibit growth, with IC 50 values ranging from nearly 500 M for 5-OHBza to less than 1 M for 5-MeBza and DMB (Fig. 3A) .
To determine whether benzimidazolyl cobamides are produced when S. ovata is grown with benzimidazoles, corrinoids were extracted from cultures provided with inhibitory concentrations of each benzimidazole and analyzed by HPLC and LC/ MS/MS (Fig. 3B ). In the absence of a benzimidazole, S. ovata synthesizes [Cre]Cba as its primary corrinoid, which can be seen by HPLC analysis as a pair of peaks (Fig. 3B) , as observed previously (21) . Although the production of both [Cre]Cba and phenolyl cobamide ([Phe]Cba) by S. ovata was reported previously (21) , only [Cre]Cba was detected under our growth conditions. When inhibitory concentrations of benzimidazoles were added to S. ovata cultures, [Cre]Cba was almost completely absent in every case, and a benzimidazolyl cobamide was produced (Fig. 3B) . These results show that S. ovata can attach benzimidazoles to form benzimidazolyl cobamides and suggest that these cobamides do not support growth on methanol.
Dose-dependent shifts in cobamide production result in growth inhibition on methanol. The link between cobamide production and growth inhibition was further investigated by examining the levels of each cobamide when S. ovata was grown on methanol in the presence of various concentrations of each benzimidazole. In each case, a dose-dependent inhibition of growth with increasing benzimidazole concentrations was accompanied by a parallel decrease in the concentration of [Cre]Cba (Fig. 4) . Additionally, when either 5-MeBza or DMB was added, the concentration of the corresponding benzimidazolyl cobamide increased as the concentration of [Cre]Cba decreased ( Fig. 4A and  B) . A similar result was observed with the addition of Bza, 5-OMeBza, or 5-OHBza, except that an increase in the corresponding benzimidazolyl cobamide occurred at subinhibitory concentrations ( Fig. 4C to E) . These results indicate that growth inhibition by the addition of benzimidazoles can be explained by the loss of [Cre]Cba production and, in some cases, possibly by an inhibitory effect of benzimidazolyl cobamides.
Addition of Cre rescues growth and restores [Cre]Cba production. The inhibition of growth on methanol upon addition of benzimidazoles led us to hypothesize that restoring the synthesis of [Cre]Cba in the presence of a benzimidazole would result in the rescue of growth. Indeed, we observed that the addition of Cre restored growth on methanol in media containing an inhibitory concentration of 5-MeBza in a dose-dependent manner (Fig. 5A,  filled circles) . Specifically, in the presence of 20 M 5-MeBza, the addition of at least 5 M Cre completely restored growth. Analysis of the corrinoid content of these cultures showed an increase in [Cre]Cba production with increasing Cre concentrations that was accompanied by a nearly complete loss of [5-MeBza]Cba (Fig. 5A,  open symbols) . This was a reversal of the phenotype seen when S. ovata was grown with increasing concentrations of the benzimidazoles. The addition of 10 M Cre to the media was also sufficient to restore growth and [Cre]Cba production on methanol in the presence of inhibitory concentrations of each of the other four benzimidazoles tested (Fig. 5B and C) .
These results suggest that it should also be possible to rescue growth by providing S. ovata with its native corrinoid, [Cre]Cba. A previous study showed that S. ovata may be capable of importing corrinoids, as corrinoids derived from exogenously supplied 57 Co-labeled [5-OHBza]Cba were detected in the cell-associated fraction (38) . However, under our growth conditions, the addition of [Cre]Cba at levels as high as 1.4 M, five times higher than Growth on other substrates is inhibited by benzimidazoles to various degrees. S. ovata is capable of utilizing a variety of growth substrates, many of which are thought to include steps that require cobamides (Fig. 2) . To determine whether the addition of benzimidazoles also leads to an inhibition of growth on other substrates, we performed growth curve analyses of S. ovata grown on four other substrates in the presence and absence of 5-MeBza, the benzimidazole that we found has the greatest effect on growth on methanol (Fig. 3A) . For comparison, we also analyzed growth on methanol, and as seen previously, growth was significantly affected by the addition of 5-MeBza (Fig. 6A) . Specifically, when 5-MeBza was present, the growth rate was approximately 5-fold lower than that in the absence of 5-MeBza, but the cultures reached a final OD 600 level nearly as high as that of cultures lacking 5-MeBza. Growth on 3,4-dimethoxybenzoate was more severely impacted by the addition of 5-MeBza, as stationary phase was reached at a considerably lower cell density than in the absence of 5-MeBza (Fig. 6B) . Growth on H 2 plus CO 2 was modestly affected by the addition of 5-MeBza, with a 1.5-fold reduction in the growth rate and little effect on the final OD 600 level in stationary phase (Fig. 6C) . A similar result was seen for growth on betaine, in which the addition of 5-MeBza resulted in a 1.4-fold reduction in the growth rate (Fig. 6D) . In contrast, growth on fructose was essentially unaffected by the addition of 5-MeBza (Fig. 6E) .
The corrinoids present in cultures grown on each of these substrates were analyzed to determine whether Cba was produced, as we observed for growth on methanol. In each case, the addition of 5-MeBza resulted in the production of [5- MeBza]Cba and loss of [Cre]Cba (Fig. 6F) . However, during growth on betaine, the concentration of Cba produced was approximately half of the level of [Cre]Cba produced in the absence of 5-MeBza, introducing the possibility that a decrease in overall cobamide levels was the cause of the growth defect. We ruled out this possibility by analyzing growth on betaine with the addition of Bza, which resulted in the production of [Bza]Cba at 50% higher levels than [Cre]Cba. A similar inhibition of growth was seen during exponential phase, indicating that the growth defect on betaine in the presence of 5-MeBza can be explained by the production of a benzimidazolyl cobamide rather than a reduction in the overall cobamide level (data not shown). Together, these results show that benzimidazolyl cobamides have various effects on different metabolic pathways in S. ovata, likely due to differences in the required cobamide-dependent enzymes.
Can S. ovata synthesize and use cobamides containing other natural and unnatural lower ligands? Since our results showed that the structure of the lower ligand affects cobamide function in S. ovata, we next investigated the range of lower ligand structures that could be accommodated. Because S. ovata is unable to import cobamides efficiently from the environment under our growth conditions, and because we do not have a mechanism to inhibit the endogenous synthesis of Cre, we tested whether S. ovata could synthesize and utilize cobamides containing alternative bases as lower ligands by determining whether compounds other than Cre could rescue growth in the presence of a benzimidazole. The compounds tested include those that are structurally similar to either Cre or benzimidazoles, with various sizes and chemical properties (Fig. 1C) . Growth on methanol was monitored in cultures containing each of these compounds in the presence of an inhibitory concentration of 5-OMeBza. We saw that only Phe and 3,4-di- methylphenol (DMP), the two compounds most similar to Cre, rescued the growth of S. ovata in the presence of 5-OMeBza (Fig.  7A) . Similar results were obtained with inhibitory concentrations of 5-MeBza, DMB, and Bza (data not shown). An analysis of corrinoid extracts from these cultures showed that Phe and DMP were incorporated as cobamide lower ligands (Fig. 7B) .
The remaining six compounds tested were unable to rescue growth (Fig. 7A ). This could be either because they are not efficiently attached to form the corresponding cobamides or because they do not function as cofactors in methanol metabolism. To distinguish between these two possibilities, we first analyzed the corrinoids present in the cultures shown in Fig. 7A to determine whether the compounds can be attached as lower ligands. HPLC analysis revealed that no novel corrinoids were produced, suggesting that the compounds were not attached (data not shown). However, in the absence of 5-OMeBza, attachment of 2-amino-pcresol (2-APC) was observed, although [Cre]Cba was not eliminated from the cultures (Fig. 7B) . The addition of p-tol in the absence of 5-OMeBza also resulted in small amounts of a novel corrinoid that was detectable by HPLC (Fig. 7B) . This experiment could not test whether [2-APC]Cba or [p-tol]Cba can be used by S. ovata, as neither compound is attached efficiently enough to be the major corrinoid present. Aniline (Ani), indole (Ind), 2-methylindole (2-MeInd), and imidazole (Imi) were not attached at any appreciable level (data not shown), and thus, it was not possible to determine whether S. ovata can utilize cobamides containing these compounds as lower ligands.
DISCUSSION
Although S. ovata has long been known to produce phenolyl cobamides, the functional significance of this unusual class of corrinoid cofactors remains poorly understood. Here we have shown that S. ovata is capable of attaching externally supplied benzimidazoles to form benzimidazolyl cobamides, yet these cobamides function poorly compared to phenolyl cobamides under most growth conditions. At least three cobamide-dependent methyltransferase enzymes are predicted to be required for the acetogenic metabolisms investigated here. Our results suggest that these enzymes are adapted for the use of phenolyl cobamides to various degrees in S. ovata. To our knowledge, S. ovata is unusual in its preference for phenolyl cobamides, as benzimidazolyl or purinyl cobamides are used by all other organisms known to require a cobamide cofactor for methyl transfer reactions.
Studies of several other acetogens have shown that growth on H 2 plus CO 2 requires the cobamide-dependent CFeSP enzyme in the Wood-Ljungdahl pathway, while growth on methanol and phenyl methyl ethers is each thought to require both the CFeSP and another cobamide-dependent methyltransferase enzyme (Fig. 2) (26, 27, 29, 30, 39 ). The phenotype of S. ovata grown on H 2 plus CO 2 with 5-MeBza suggests that S. ovata CFeSP functions best with phenolyl cobamides but can also use benzimidazolyl cobamides. The greater effect of 5-MeBza on growth with methanol than on H 2 plus CO 2 likely also reflects a preference for phenolyl cobamides by a cobamide-dependent enzyme that catalyzes methyl transfer from methanol to THF (Fig. 2) . Likewise, the dramatic effect of 5-MeBza on growth on 3,4-dimethoxybenzoate may be due to a stringent requirement for a phenolyl cobamide by a cobamide-dependent enzyme that catalyzes the demethylation of 3,4-dimethoxybenzoate (Fig. 2) . Similar methyltransferases involved in the metabolism of methanol and phenyl methyl ethers have been characterized in other organisms, but unlike in S. ovata, these enzymes have been shown to utilize benzimidazolyl cobamides in vivo or are capable of using cobalamin in vitro (25, 27, 28, (40) (41) (42) .
We expected the cobamide requirements for growth on fructose to be similar to the requirements for growth on H 2 plus CO 2 because fructose metabolism is thought to be dependent on the CFeSP of the Wood-Ljungdahl pathway (Fig. 2) . However, unlike growth on H 2 plus CO 2 , the addition of 5-MeBza did not impair growth (Fig. 6E ). This may be explained by a lower dependence on cobamides in fructose metabolism, as only one of the six carbon atoms of fructose is thought to be metabolized via the Wood-Ljungdahl pathway (29) .
Although a requirement for cobamides in betaine metabolism has not been shown previously in acetogens, the modest effect of 5-MeBza on growth on betaine suggests that cobamides are involved. Reductive cleavage of betaine to acetate requires reducing equivalents generated from the oxidation of Me-THF (22, 33) .
Although the majority of the carbon in betaine is converted to acetate by reductive cleavage (22) , the formation of Me-THF suggests that a fraction of the acetate could be produced by the WoodLjungdahl pathway, which requires a cobamide for the CFeSP (Fig. 2) . Additionally, the methyl transfer step from betaine to Me-THF is analogous to cobamide-requiring steps in methanol and 3,4-dimethoxybenzoate metabolism, so a cobamide-dependent methyltransferase could also be involved in betaine metabolism. Together, these results support the model shown in Fig. 2 , in which at least three cobamide-dependent enzymes with varying dependence on phenolyl cobamides function in acetogenic metabolism in S. ovata.
The inability of S. ovata to use benzimidazolyl cobamides as effectively as phenolyl cobamides in several acetogenic metabolisms is intriguing given that benzimidazolyl cobamides, like the phenolyl cobamides, are able to function in the base-off configuration. The requirement of S. ovata for phenolyl cobamides could be due to a role of the phenolic lower ligand in binding of the cobamide to the enzyme, as is the case for DMB in the binding of cobalamin to glutamate mutase of C. tetanomorphum (43) . The cobamide-dependent enzymes in S. ovata may be adapted for binding cobamides with smaller phenolic lower ligands and may not bind the bulkier benzimidazole bases. Indeed, we found that three phenolic compounds, Cre, Phe, and DMP, were the only compounds that function as cobamide lower ligands in methanoldependent growth of S. ovata. In addition to facilitating binding to the enzyme, phenolic lower ligands may also have another, as-yetunidentified, role in methyl transfer reactions in S. ovata.
It is interesting that benzimidazoles are readily attached as cobamide lower ligands by S. ovata, as their structures differ considerably from those of the phenolic compounds. The ability of S. ovata to produce both phenolyl and benzimidazolyl cobamides is likely due to the activity of ArsAB, a CobT enzyme homolog shown to activate DMB in addition to Cre and Phe for attachment to a cobamide precursor (17) . The various levels of attachment of different lower ligands that we observed in this work may reflect differences in the substrate specificity of ArsAB or another enzyme involved in lower ligand activation or attachment or differences in the ability of these compounds to enter the cell. Our results suggest that phenolics or aminobenzenes containing a p-methyl group are attached more readily than the corresponding compounds lacking a p-methyl group. In addition, the preference for phenolic compounds compared to aminobenzenes indicates that replacing the hydroxyl group with an amino group significantly hinders attachment to the corrin ring. Notably, aminobenzenes, which are more structurally and chemically similar to phenolics than are benzimidazoles, are attached more poorly than benzimidazoles. This analysis may contribute to the understanding of the mechanism of the ArsAB enzyme, which has the unique ability to catalyze the formation of both O-and N-glycosidic bonds in the activation of lower ligand bases.
It is curious that S. ovata has the ability to produce benzimidazolyl cobamides when provided a benzimidazole base, given the detrimental effect of benzimidazolyl cobamides under some growth conditions. The absence of a mechanism to exclude benzimidazoles from incorporation into cobamides may indicate that the natural habitat of S. ovata does not contain concentrations of free benzimidazoles sufficient to alter the levels of cobamides produced. Alternatively, S. ovata may have retained the ability to synthesize benzimidazolyl cobamides because the environments that it inhabits are abundant in substrates whose metabolisms are not particularly affected by benzimidazolyl cobamides, such as betaine and fructose.
Although S. ovata is the only organism known to produce phenolyl cobamides, these cobamides are abundant in mixed microbial communities, including those in which S. ovata has not been detected. For example, [Cre]Cba was found to comprise 16% of the corrinoids present in human feces (44), 20 to 34% of the corrinoids in bovine rumen (45, 46) , and 70% of the corrinoids present in a trichloroethene-degrading enrichment community (Y. Men, E. C. Seth, S. Yi, T. S. Crofts, R. H. Allen, M. E. Taga, and L. Alvarez-Cohen, unpublished data). Given the ubiquity of phenolyl cobamides and their unique chemical properties, it will be important to understand the functions of this class of cobamides both at the enzymatic level and in the context of their functions in microbial communities.
